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Abstract — A henge-like metaring (HMR) is proposed for improving the radiation pattern roundness of monopole antennas oft-
center mounted on a finite ground by localizing the radiation from the monopole and suppressing the scattering by the ground. The
improved patterns enhance uniform coverage of multiple-input and multiple-output (MIMO) systems. The study reveals that the ra-
diation pattern of an off-center monopole is distorted by the asymmetric ground currents excited by both the feed and the radiation
of the monopole. The distorted radiation patterns severely degrade wireless communication link quality. The HMR, composed of an
annular array of mushroom unit cells, simultaneously functions as an electromagnetic bandgap (EBG) and a radiator, and encircles
the monopole to form a henge monopole antenna (HMA). The HMR as an EBG is used to suppress the ground currents outside the
HMR analyzed by an equivalent circuit model. The HMR as a radiator is designed to decouple the monopole from the ground with
its elevated radiation pattern using characteristic mode analysis. As examples, two prototypes of single and four off-center MIMO
HMAs are designed and investigated in the 2.45-GHz band. Simulated and measured results show that the single HMA and each of
the four HMAs achieve the un-roundness of the radiation pattern at § = 65° plane lower than 2 dB and 3 dB in the 2.45-GHz band.
As a result, near the radiation nulls, the SNR is improved by 6 dB. The compact construction and efficient current suppression facili-
tate the application of HMAs in multi-antenna systems above a finite ground with uniform coverage and reliable connections.
Keywords — Antenna radiation pattern, Characteristic mode analysis, Metamaterials, MIMO communication, Omnidirectional
antennas, Wireless access points.
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undesirably weakened. Meanwhile, the distortion results in
undesired radiation nulls [9], shown as the blue areas of ra-
diation patterns in Figure 1(a). In low-scattering electro-
magnetic environments, such as factories, lecture theatres,

I. Introduction

Multiple-input and multiple-output (MIMO) systems, bene-
fiting from high capacity, reliability, and high data rate, are

widely applied in modern wireless networks [1]-[6]. In
practical applications, the size of antenna platforms is often
constrained by system limitations [7], [8], which becomes
even more challenging for systems employing multiple an-
tennas. Consequently, scenarios arise where the antenna-
ground system lacks geometric symmetry, either because
the antenna is mounted on an irregular platform or posi-
tioned off-center on regular/irregular ground. In these sce-
narios, the electromagnetic wave energy becomes concen-
trated in a specific area, while the energy in other regions is

and stadiums, wireless devices suffer from a notable de-
cline in their communication performance. This decline
manifests in various aspects, including reduced signal-to-
noise ratio (SNR), capacity, reliability, and increased laten-
cy in parts of the access point’s (AP) coverage. Improved
radiation performance can lead to significant industrial ben-
efits, such as maintaining robust and reliable communica-
tion channels, optimizing operational efficiency, and ensur-
ing smooth connectivity for critical applications. In indus-
trial environments, such as factories, where reliable com-
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munication is essential for automation and safety systems,
omnidirectional radiation pattern can prevent disruptions,
enhance productivity, and support the implementation of
advanced technologies like Internet of things and real-time
data analytics. Therefore, improvements in distorted radia-
tion patterns are not only technical advancements but also
vital factors in enabling the reliable and efficient operation
of wireless systems in demanding industrial applications.

Figure 1 Ceiling-mounted access point coverage for industrial wireless
network. (a) Four antennas at the corners of the ground with distorted ele-
ment radiation patterns and limited coverage; (b) Four henge monopole an-
tennas (HMAs) at the corners of the ground with omnidirectional element
radiation patterns and uniform coverage.

Efforts have been devoted to mitigating the pattern dis-
tortion of a monopole with irregular boundary conditions.
To improve the pattern roundness of an off-center mono-
pole, a metal ring [9] and a metasurface [10] are designed
by characteristic mode analysis (CMA) for desired radia-
tion patterns [9]. As radiating structures, they radiate elec-
tromagnetic energy within the symmetrical boundary and
elevate the mainbeam directions to decouple with the
ground. This contributes to suppressing the induced surface
currents outside the structures and improves the radiation
patterns. However, the relatively bulky size of the structures
and their limited efficiency in controlling currents restrict
their applications to scenarios where multiple antennas
share a finite ground and require omnidirectional radiation
patterns. Alternatively, other studies have achieved omnidir-
ectional radiation patterns through progressive feed phase
[11]-[14] and polarization diversity [15]-[18]. The former
method involves combining radiation patterns of multiple
antennas with a progressive feed phase, thereby poses chal-
lenges when applied to antennas with four or more ports.
The latter approach consumes the resources of orthogonal
polarization and presents difficulties when implemented in
four or more port MIMO systems.

Based on electromagnetic theory, we can manipulate
the roundness of radiation patterns by forming a locally cir-
cular symmetric boundary around the monopole on an arbi-
trary conducting plane. This localizes the ground surface
currents and makes the radiation from the monopole irrele-
vant to the outside environment. Metamaterials are one of
the most effective approaches for manipulating electromag-
netic waves [19]-[21]. Among them, electromagnetic band-
gap (EBG) structures, composed of periodic mushroom unit
cells, are widely applied for control ground surface cur-
rents in antenna design, such as improving port isolation be-
tween patch antennas [22], slot antennas [7], [23], and

monopoles [24]. However, encircling antennas with EBG
structures causes strong reflected waves and forms strong
local resonances, which deteriorates the impedance match-
ing and antenna efficiency. In addition, the mushroom cells
also have been used in one dimension as metaline antennas
for circular polarization [25], [26], and in two dimensions
as metamaterial antennas for low profile [27], wideband [28],
and lower back radiation [29].

Inspired by the dual functionality exhibited by mush-
room cells, this paper introduces a henge-like metaring
(HMR) composed of a single-annular array of mushroom
unit cells. The HMR is utilized to encircle a monopole an-
tenna, forming a henge-like monopole antenna (HMA) and
establishing symmetric boundaries around off-center mono-
poles mounted on a finite ground plane. Simulation and
measurement results verify the idea with improving the un-
roundness to less than 3 dB at § = 65° plane in the 2.45-
GHz band. As a result, the SNR is improved by 6 dB near
the radiation nulls of off-center monopoles. The contribu-
tions of this paper are as follows:

1) Analysis of pattern distortion. The mechanism of
the radiation pattern distortion of off-center monopoles is
analyzed. The conclusion shows it is caused by irregular
surface currents, which are excited by both the feed and the
radiated wave from the monopole, as shown in Figure 2(a).

2) Introduction of HMR with integrated quasi-EBG
and radiator functions. To control the irregular surface cur-
rents from the two above-mentioned ways, the HMR is pro-
posed with co-designed functions, as shown in Figure 2(b):
As a quasi-EBG, it can suppress the surface currents main-
ly excited by the feed of the monopole. As a radiator, it
contributes to elevating the radiation pattern to an upper
space, with less coupling with the ground plane, and thus
reduces the currents caused by the radiation from the
monopole. Meanwhile, a portion of the energy is radiated
rather than being reflected to the feed, resulting in en-
hanced antenna efficiency through improved impedance
matching.

3) Four-port MIMO system with improved pattern
roundness and communication performance. The proposed
MIMO system, composed of four HMAs, achieves omnidi-
rectional radiation pattern of each off-center antenna. The
improved radiation pattern contributes to signal power en-
hancement near the original radiation nulls. Compared with
previous works, the proposed MIMO system offers advan-
tages, such as an omnidirectional radiation pattern, a
straightforward feeding structure without a power divider,
and a configuration accommodating up to four ports. Fur-
thermore, it leaves space for potential enhancements by
adding horizontally polarized antennas, thereby opening
possibilities to expand the number of antenna ports for
higher communication performance.

I1. Analysis of Pattern Distortion

Considering the typical scenarios, one monopole is vertical-
ly mounted at the center (Case 1) and off-center (Case 2),
and four off-center monopoles (Case 3) are symmetrically
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Figure 2 Schematic of (a) Causes of radiation pattern distortion of off-center monopole, (b) The proposed HMR functioning as both quasi-EBG and radia-

tor to improve the radiation pattern.

located on a square ground as shown in Figures 3(a)—(c).
Figure 3(d) shows the proposed HMR surrounding the off-
center monopole. The square ground plane of both cases is
230 mm x 230 mm or 1.94; x 1.94,, where 4, is the free-
space wavelength at 2.45 GHz. The origin of the coordi-
nate is located at the center of the ground. The locations of
antennas in Cases 1, 2, and 3 are (x =0, y = 0) and (x = 65,
y=65), (x =65, y=65) and (x =—-65, y = 65), and (x = 65,
y =—65) and (x = —65, y = —65), respectively, where x and y
are in unit of mm.
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Figure 3 Monopoles mounted on a square ground plane. (a) Case 1: cen-
ter mounted; (b) Case 2: off-center mounted; (c) Case 3: four mono-poles;
(d) Case 2 with the proposed HMR.

To evaluate the symmetry of the radiation pattern, un-
roundness (UnR) is defined as the maximum gain differ-
ence within the cross section of the radiation pattern at a
given angle 6,. Figure 4(a) shows the simulated UnR of
Cases 1 and 2 at 2.45 GHz. In Case 1, the monopole with
structural symmetry ground reaches a smaller UnR than in
Case 2 over all elevation angles. For ceiling-mounted APs,
UnR in low elevation angles is of more interest for stable

communication links at large distances. Hence, Figure 4(b)
shows the UnR in 6, = 65° cutting plane. Case 2 has a UnR
of 4.4-5.6 dB against Case 1’s UnR of 0.8-2.5 dB over
2.3-2.6 GHz. In the following, the causes of pattern distor-
tion of an off-center monopole are investigated by applying
absorbers.
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Figure 4 Radiation properties of Case 1 and Case 2. (a) UnR at 2.45 GHz
over different 6 angles; (b) UnR at 6, = 65° over 2.3-2.6 GHz band.

Assuming Case 2 is partially or totally covered with an
absorber sheet (relative permittivity &, = relative permeabili-
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ty u, =10, electric loss tan . = magnetic loss tan o, = 0.5)
as shown in Figures 5(a) and (b), except for a cylinder area
encircling the monopole for effective radiation. Figures 5(c)
and (d) present the magnitude of the currents of two cases
shown in Figures 5(a) and (b), respectively. It is found that
there is no current on the absorbing area of the ground
plane, which indicates that the surface currents are fully
absorbed by the absorber sheet and cannot travel to the out-
side ground. Therefore, it is concluded that in the partially
covered case, the currents flowing outside of the absorber
area are induced by the wave radiated directly from the
monopole.

(@ ®)]

(d

Figure 5 Off-center monopole with absorber surface. (a) Partially cov-
ered off-center monopole; (b) Totally covered off-center monopole; (c)
Current distribution of partially covered off-center monopole; (d) Current
distribution of totally covered off-center monopole. (The light blue part is
absorber).

Figure 6 shows the UnR of the monopoles in Figure 5
and a reference monopole as Case 2 in Figure 3(b). The to-
tally covered case provides the lowest UnR in the whole
band due to the symmetric current distribution on the
ground than the partially covered case. The excited surface
currents generated by the monopole’s feed have been effi-
ciently absorbed by the surrounding absorber. Consequent-
ly, the induction of currents outside the absorber results
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Figure 6 UnR of the off-center monopole without absorber (as the refer-
ence), with partially covered absorber, and with totally covered absorber at
2.45 GHz in 6, = 65° plane.

solely from the scattering of the radiated wave produced by
the monopole as it interacts with the ground.

Therefore, the radiation pattern of an off-center mono-
pole is distorted by the irregular surface currents excited by
both the feed and the wave radiated from the monopole.
This finding guides for improving the roundness of an off-
center monopole above a finite ground by suppressing the
surface currents from both ways simultaneously.

III. Henge-Like Metaring Design

An HMR is designed to control the radiation from surface
currents and wave scattering from the ground plane excited
by monopoles. The HMR is composed of an annular array
of mushroom unit cells. The patches of the cells are sus-
pended above the ground with an air gap. And the vias elec-
trically connect the patches with the ground. The proposed
HMR encircling the monopole on the ground localises the
surface currents within a symmetric boundary and redirects
the main beam to high-elevation angles. Figure 3(d) shows
a monopole encircled by an HMR. In the following, the
HMR’s effects on the antenna’s radiation are studied.

1. Quasi-EBG

Periodically arranged mushroom cells are widely applied as
EBG structures to suppress surface wave propagation along
the ground. The bandgap is addressed by extracting the dis-
persion curve, where the unit cell is simulated with period-
ic boundary conditions in two orthogonal dimensions. How-
ever, the HMR comprises one column of unit cells along
the propagating direction. The dispersion curve cannot
accurately predict the stopband of the mushroom unit cells
of HMR. Therefore, an equivalent circuit model for one-
column mushroom cells, as shown in Figure 7, is proposed
and modified by considering the coupling between the
monopoles and the mushroom cells [30]. The square patch-
es of the mushroom cells are 21.6 mm in width (w) with a
0.4-mm gap (g) and suspended with a 5.5-mm-thick air gap
(hy), and two monopoles are mounted opposite of the mush-
room cells and well-matched at 2.45 GHz. The circuit par-
ameters in the equivalent model shown in Figure 7 are cal-
culated using the formulas in [30] as summarised in Table 1.
The one-column mushroom cells are termed quasi-EBG to
distinguish from traditional EBG when the HMR functions
as a stopband structure.

PN SR SR
I T 1t T
G " Con J_G': G,
R%, " via Wiay le
f n ‘
________ Co i Gy
Monopole 1 Quasi-EBG Monopole 2

Figure 7 Equivalent circuit of EBG between two monopoles. (AC: alter-
nating current; R: resistor; L: inductor; C: capacitor).

The mushroom unit cells can be designed based on the
resonant frequency extracted from the equivalent circuits.
When operating at the resonant frequency, the HMR pre-
vents the surface currents from flowing on the ground. As a
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Table 1 Values of the components in the equivalent circuit in Figure 7

Component Value
G (pF) 0.935
G (pF) 0.204
Ly, (nH) 43
R31 () 222
Coup (PF) 0.588

Cytate (PF) 0.404
L,;, (nH) 6.9

result, the surface currents are localised by the HMR. How-
ever, the reflected surface currents form a strong local reson-
ance as a cavity, deteriorating the impedance matching and
antenna efficiency.

2. Radiation from HMR

The HMR can also be applied as a radiator and studied
using CMA. The proposed HMR is mounted on an infinite
ground, and a monopole is located at the center of the
HMR. The modal weighing coefficients (MWCs) of the two
most significant modes are shown in Figure 8. The radiat-
ing power proportions of the two modes are 66% and 33%
of the total radiation power, respectively. Therefore, the ra-
diation pattern of the HMA can be well approximated by
the superposition of these two characteristic modes.

0.20
—®— Mode 1
—®— Mode 2
0.15+
Z 010+
0.05 |
L 1 1 1

0 1
230 235 240 245 250 255 260
Frequency (GHz)

Figure 8 MWC of the HMR with excited monopole on infinite ground
plane.

The surface current distribution and the radiation pat-
terns of the HMA are shown in Figure 9. Figures 9(a) and
(b) show that the currents on the monopole are strongly ex-
cited, and the surface currents are in radial direction from
the monopole. Meanwhile, the radiation patterns of Modes
1 and 2 are circularly symmetric and monopole-like, as
shown in Figures 9(c) and (d). It indicates that the antenna’s
radiation pattern will be circularly symmetric if the current
distribution of these two modes is circularly symmetric, re-
gardless of the non-circular symmetry of the structure. Fur-
thermore, Figure 9(c) shows that the mainbeam of Mode 1
directs to 6, = 33°, while the mainbeam of a monopole
above an infinite ground directs to 6, = 90°. The elevated
radiation ensures less energy coupling to the ground and

fewer surface currents induced outside the HMR, contribut-
ing to the symmetric pattern of an off-center monopole, as
discussed in Section II. Meanwhile, the HMR functions as
a radiator, contributing to radiating the energy and mitigat-
ing reflected currents from the quasi-EBG functionality,
which benefits impedance matching and improves antenna
efficiency.

(@ HMR ()  HMR

Figure 9 Currents distribution on the HMR and the monopole in (a) Mode
1 and (b) Mode 2. The corresponding radiation pattern of (¢) Mode 1 and
(d) Mode 2.
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On the other hand, for a multi-antenna system, the ad-
jacent monopoles will be illuminated by less energy due to
the elevated pattern, which helps to suppress the mutual
coupling between antennas. In the following, we will focus
on Mode 1, which radiates the majority of power with the
desired elevated pattern.

3. Analysis and design

The frequency of the HMR as a quasi-EBG can be calculat-
ed by the equivalent circuits, as discussed in Section IIL.1.
As a radiator, the HMR radiates at Mode 1 with MWC
reaching the peak, as explained in Section III.2. Figures 10(a)
and (b) show the resonance frequencies of quasi-EBG and
radiation mode with varying spacing A; and width w. It is
found that the larger h; or w, the lower the resonance fre-
quency of the quasi-EBG. The reason is that the larger
spacing h; results in larger inductance, and the larger patch
width w results in larger capacitance [30]. In the radiation
mode, the relation between the geometry size and working
frequency of the HMR is similar to a patch antenna [31].

Furthermore, the frequencies with varying patch gap g
and width w are given in Figures 10(d) and (e). Figure 10(d)
shows that the resonance frequency of HMR as a quasi-
EBG monotonically increases as gap g increases [30]. The
resonance frequency of the HMR operating at a radiation
mode shifts higher since decreased g results in a smaller
overall size of the HMR.

In summary, the frequency differences between the
quasi-EBG and radiation modes as shown in Figures 10(c)
and (f) suggest that the two modes can simultaneously oper-
ate at the same frequencies by varying parameters /,, g, and
w. The green regions shown in Figures 10(c) and (f) indi-
cate a convergence of both modes, wherein the surface
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Figure 10 Resonance frequencies of quasi-EBG by equivalent circuit and radiation mode by CMA. (a) Resonance frequency of quasi-EBG with w and A;
(b) Resonance frequency of radiation mode with w and A; (c) Difference between resonance frequency of radiation mode and quasi-EBG with w and h,;
(d) Resonance frequency of quasi-EBG with w and g; (e) Resonance frequency of radiation mode with w and g; (f) Difference between resonance frequen-

cy of radiation mode and quasi-EBG with w and g.

currents, excited from the feeding port and induced by the
radiation of the monopole antenna, are expected to be sup-
pressed simultaneously.

IV. Antenna Design

1. Single HMA

To verify the proposed HMA, a prototype of a single HMA
off-center mounted on a square ground is designed and pro-
totyped as shown in Figure 11(a). The square patches of the
mushroom cells are 21.6 mm in width (w) with a 0.4-mm
gap (g) and printed on a piece of 0.5-mm-thick Rogers
RO4003C substrate, which is suspended with a 5-mm-thick
air layer for a wide bandwidth [32]. The surrounding twelve
copper vias connect the patches to the ground and support
the HMR. The monopole antenna is a 5 mm X 20 mm cop-
per strip printed on a piece of 0.8 mm x 10 mm x 25 mm
Rogers RO4003C substrate. The monopole antenna is
placed at (x = dygp, ¥ = doir) Where dogr = 65 mm or 0.534,.
The length of the square HMR substrate is /pr = 95 mm or
0.784. The distance between the HMR substrate’s center
and the patches’ inner edges is d;, = 22.2 mm or 0.184.

(a)

(b)

Figure 11 Prototypes of (a) Single off-center mounted HMA and (b) Four
off-center mounted HMAs.

Figures 12(a) and (b) compare the simulated surface
current distribution of an off-center monopole without and
with the HMR. Without the HMR, the surface currents flow
over the whole ground plane and concentrate around the
two ground edges close to the monopole. The currents at
the edges directly distort the radiation pattern, as shown in
Figure 12(c), compared with the monopole at the center of
the ground. On the contrary, the surface currents outside the
HMR are remarkably suppressed while the currents are
localised within the HMR, as shown in Figure 12(b). Corres-
pondingly, Figure 12(d) shows a more circularly symmet-
ric radiation pattern because of the much more symmetric
localised current distribution than the monopole without the
HMR.

a D) el |
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0.9 £ 09 £
0.8 < 0.8 <
0.7 = 0.7 5
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i \\\\\&\H\\o—ub\!
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Figure 12 Currents distribution and radiation patterns of off-center
monopole with and without HMR. (a) Currents distribution without HMR;
(b) Currents distribution with HMR; (c) Radiation pattern without HMR;
(d) Radiation pattern with HMR.

The symmetric radiation pattern can be illustrated by
combining the radiation mode and quasi-EBG of the HMR,
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as discussed in Section III. First, the spreading of surface @3
currents is suppressed when encountering the HMR. 7k — W/o HMR simu.

Therefore, relatively strong currents localised within a
symmetric ground area encircled by an HMR mainly con-
tribute to a symmetric radiation pattern. Second, the HMR
operates as a metaline antenna radiating from its edges,
whose characteristic mode radiates with an elevated pattern
in the upper space. This is verified by comparing the main-
beam direction of Figures 12(c) and (d). The mainbeam
points to 6, = 59°, while the HMA radiates to 6, = 45°. The
elevated pattern, designed for reduced coupling with the
ground, effectively mitigates ground-induced scattering. As
a result, the antenna’s radiation pattern is less susceptible to
distortion from the irregular ground.

Figure 13 shows the simulated and measured reflec-
tion coefficients of the prototype. Both the monopoles show
impedance matching within the 2.45-GHz WLAN band.
The reflection coefficient (|S},|) of the HMA shows a sig-
nificant difference with the unloaded monopole because the
HMR works as both radiator and quasi-EBG. By tuning the
height of the monopole, the HMA reaches impedance
matching. The dip of |S};| is caused by the well-excited
Mode 1 as analysed in Section III. Meanwhile, |S;;| re-
sponse at the upper band is caused by another well excited
characteristic Mode 2. With the end-fire radiation pattern,
the operation of Mode 2 is more easily affected by the
ground perturbation, such as the ground edges. Therefore,
the radiation pattern deteriorates at the upper edge band.

Oi - ——|§,,| simu. w/o HMR
" -~ _|S,,| simu. with HMR
ok - m S, meas. with HMR
. !
. . g "
g . 2
= =20 : ,/m
U_‘)— \ 7
L om
=30 - -’
— II|

0 L L L L
230 235 240 245 250 255 260
Frequency (GHz)

Figure 13 Simulated and measured |S};| of off-center monopole with and
without HMR. (simu. stands for simulation, meas. for measured, w/o for
without).

To further evaluate the radiation performance of the
HMA, some radiation features are shown in Figure 14. In
Figure 14(a), the UnR is plotted with different 6 angles at
2.45 GHz. It can be found the HMR reduces the UnR in al-
most the whole upper space of the ground plane. The radia-
tion pattern in 6, = 65° plane at 2.45 GHz is presented in
Figure 14(b). This evaluation angle is selected because the
UnR performance shows a more important role in larger 6
angles of a monopole antenna in AP applications for stable
communication coverage of far-zone users. The HMA
achieves the UnR of 1.2 dB and 1.4 dB in simulation and

—— With HMR simu.

o
<
£
<
159
=
Q
N
=
g —— W/o HMR simu.
Z 61 B W/o HMR meas.
L —— With HMR simu.
A With HMR meas.
78 1 1 1 1 1
0 60 120 180 240 300 360
»(°)
©?8
7 = W/o HMR simu. B W/o HMR meas.
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6k
| | ]
~5r =
g 4
= 4T
5
3r N
2k
1L

O L L L L L
230 235 240 245 250 255 260
Frequency (GHz)

Figure 14 (a) Simulated UnR of one off-center monopole with and with-
out HMR in upper half space at 2.45 GHz; (b) Simulated and measured
normalized radiation patterns of off-center monopole with and without
HMR at 2.45 GHz in 6, = 65° plane; (c) Simulated and measured UnR of
off-center monopole with and without HMR in 6, = 65° plane. (simu.
stands for simulation, meas. for measured).

measurement when the UnR of a monopole without the
HMR is 5.0 dB and 4.3 dB, respectively. The UnR is im-
proved by 76% and 67% using the proposed HMR. Assembly
errors mainly cause the difference between simulated and
measured results. Moreover, the UnR performance in 6, =
65° plane at the 2.45 GHz band is presented in Figure 14(c).
The HMA achieves a maximum UnR of less than 1.5 dB
and 2.0 dB in simulation and measurement within the band-
width, respectively. More than 3 dB UnR improvement is
realized compared with the monopole without HMR.
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2. Four HMAs

The four HMAs are used to form a four-antenna MIMO
system, as shown in Figure 11(b). The HMAs are mounted
at the four corners of a square ground with the same off-
center distance as the single HMA. And the minimum edge-
to-edge spacing between two HMRs is 35 mm or 0.294,,.

The S-parameters of the four-monopole antenna sys-
tem with and without the HMRs are shown in Figure 15.
The measured |S;;| of the proposed antenna is less than —10
dB in the 2.45 GHz WLAN band with a slight frequency
shift referenced to the simulated results because of the fab-
rication tolerance. Meanwhile, the mutual coupling be-
tween the adjacent HMAs (]S,]) is less than =32 dB in the
2.45 GHz wireless local-area network (WLAN) band, at
least 14 dB lower compared with the unloaded monopoles.
It suggests that the HMRs function as a quasi-EBG and
lowers the mutual coupling between adjacent monopoles.
Meanwhile, the port isolation between two diagonal
monopoles (|S3;]) is enhanced by 11 dB, and the dip shifts
to around 2.32 GHz as shown in Figure 15. The reason is
that the coupling path between two diagonally placed
monopoles is inclined with the HMR columns. And when
the wave obliquely incidents on the HMR, the travelling
path of the wave is longer than analyzed. Therefore, the
equivalent capacitor is enlarged, and the frequency is shifted
to a lower frequency [32].

0
—~ . —|S},] simu.
2-10 . wa— - |Sn| simu. with HMR
= \l_.é.,l"/ m [S,| meas. with HMR
5 20 ™ 7a —18,,| simu.
5 iA_ ' m — |8y, limu. with HMR
= —30[a" Q\X JUyxz#ex*E 4 S| meas. with HMR
§740W\ /v' \4' 4 — 1S3 Simu' .
a v A — - |85| simu. with HMR

50 4 v |S;,| meas. with HMR
230 240 250  2.60
Frequency (GHz)

Figure 15 Simulated and measured S-parameters of four off-center mono-
poles with and without HMRs.

Figure 16(a) shows UnR of one antenna in the MIMO
antennas is reduced in the upper space of ground plane at
2.45 GHz by applying the HMRs. Figures 16(b) and (c)
present the radiation patterns at 2.45 GHz and the wide-
band performance of the UnR in 6, = 65° plane. The UnR is
kept lower than 3 dB in the 2.45 GHz band. Compared with
a single HMA, the UnR deteriorates to 2.8 dB at 2.45 GHz
due to the coupling between the outer edges of HMRs .

3. Comparison and discussion

Table 2 compares our design with the other designs. For
multiple antennas sharing the same finite ground, most of
the works try to alleviate the ground effect by combining
the radiation patterns of multiple radiation elements with
the center of the whole geometry located at the center of the
ground [10]-[13], [15], [16]. Then diversity can be
achieved by feeding with progressive phase [10]-[13] and
orthogonal polarization [15], [16]. Additional power di-

TF —— W/o HMR simu.
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o)
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o
=
£
<
)
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E ST ——— W/o HMR simu.
zo —6 | B W/o HMR meas.
; —— With HMRs simu.
A With HMRs meas.
78 1
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Q)

| |~ W/o HMR simu.
—— With HMR simu.

B W/o HMR meas.
A With HMR meas.

0 1 1 1 1 1
230 235 240 245 250 255 2.60
Frequency (GHz)

Figure 16 (a) Simulated UnR of four off-center monopoles with and with-
out HMRs in upper half space at 2.45 GHz; (b) Simulated and measured
normalized radiation pattern of four off-center monopoles with and with-
out HMRs at 2.45 GHz in 6, = 65° plane; (c¢) Simulated and measured
UnR of four off-center monopoles with and without HMRs in 6, = 65°
plane.

viders and phase shift lines are required for the progressive
feeding phase and combining the radiation patterns from
multiple antennas, which is limited to 2 or 3 ports design
rather than MIMO antenna systems. For polarization diver-
sity [15], [16], the center-mounted antennas can achieve
omnidirectional radiation patterns with little influence by
the orthogonally polarized antennas and the ground. How-
ever, it is difficult to further increase the number of antenna
ports while keeping the omnidirectional patterns for im-
proving MIMO performance. Thus, researchers have de-
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signed MIMO antenna systems with one- or two-ports off-
center antennas with round radiation patterns [9], [18].
Compared with the works mentioned above, the proposed
design achieves a four-port MIMO antenna system with
omnidirectional radiation patterns above the ground. Be-

Table 2 Comparisons of various omnidirectional MIMO antennas

sides, this work has focused on improving the radiation pat-
terns of the vertically polarized antennas since they are
more affected by the ground, and it leaves space for hori-
zontally polarized antennas to further increase the number
of ports and improve the MIMO performance.

Ref. Technique Antenna center location on ground plane | Polarization | Number of ports | Power divider | Max UnR (dB)
[10] Radiation pattern phase Center VP 2 Yes 5"
[11] Radiation pattern phase Center HP 2 Yes 3471
[12] Radiation pattern phase Center VP 2 Yes 3.2
[13] Radiation pattern phase Center VP 3 Yes 347
[15] Polarization Center VP, HP 2 No 3.5
[16] Polarization Center VP, HP 2 Yes NG
9] CMA Off-center VP 1 No 1272
[10] CMA, metasurface Off-center VP 2 No 22
1171
Proposed | EBG, CMA, metaring Off-center VP 4 No 23{;2

Note: “'The UnR is evaluated at 6y =

4. Effects on communication link performance

Industrial wireless networks necessitate stringent require-
ments for achieving high-quality communication links. This
subsection analyses the effects of the radiation pattern
roundness of antennas on communication performance.

The normalized radiation patterns in the upper space
(z>0) of the single and multiple antennas without HMR
are plotted in Figures 17(a) and (d). Two radiation nulls are
observed at —11 dB around 6 = 26°, ¢ =186°, and 6 = 26°,
@ = 264° for the single off-center monopole, as depicted in
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Figure 17(a). Similarly, the MIMO system in Figure 17(d)
exhibits radiation nulls at —14 dB around 8 = 23°, ¢ = 184°,
and 0 = 23°, ¢ =266°. The presence of radiation nulls, re-
sulting from the irregularities in the surrounding environ-
ment, diminishes signal power for users, reduces SNR, de-
grades channel capacity and reliability, as well as increases
latency. These factors collectively impact the overall per-
formance of the system, introducing challenges that need to
be addressed to ensure efficient and reliable communica-
tion within industrial wireless networks.
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Figure 17 2D-radiation patterns and the gain differences. (a) and (d) Radiation patterns of an off-center monopole in the single- and four-antenna system;
(b) and (e) Radiation patterns of an off-center HMA in the single- and four-antenna system; (c) and (f) Gain differences of the off-center HMA and

monopole in the single- and four-antenna systems.

With the proposed HMR, the normalized radiation pat-
tern presents near uniform radiation patterns along azimuth
cutting planes both for single- and four-antenna systems, as

shown in Figures 17(b) and (e). Accordingly, the gain is im-

proved by 9.7 dB for the single-antenna system and 9.5 dB
for the four-antenna system at the corresponding null areas,
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as shown in Figures 17(c) and (f). Besides, within the AP
coverage angles (6 < 65°), the gain is averagely improved
by 3.4 dB for the single-antenna system and 2.8 dB for the
four-antenna system. The increased radiation power within
the effective coverage area of the AP enhances the commu-
nication link quality within the area while mitigating inter-
ference with other wireless devices located outside the area.

To validate the positive impact of improved radiation
pattern roundness on communication performance, experi-
ments were conducted using 4-quadratic-amplitude modula-
tion (4-QAM) modulation. Figure 18 shows the measured
constellation map of the off-center monopole antennas with
and without the proposed HMRs in the IQ space. For the
off-center antenna without HMR, the scattering and dis-
placement of the points indicates the low power of the sig-
nal and high signal error rates. After applying the HMR, the
points are more concentrated near the ideal points.

e W/o HMR
e With HMR

! hd % . ! ! ! Ty 4
—1.0 0.6, —00‘2( 0.2 0.4 0.6 0.8 1.0

e e w04L et

Figure 18 Measured constellation map of off-center monopole antennas
with and without the proposed HMRs.

Accordingly, the SNR among received signal samples
was also measured as shown in Figure 19. The proposed
implementation yields a significant average increase of
6 dB. Despite the additional cost for fabricating the vias and
tuning impedance matching, this enhancement ensures a

30

W/o HMR °
——— With HMR

500 1000
Number of samples

10
0

Figure 19 Measured SNR near the radiation nulls of the off-center
monopole antennas with and without HMR. Dots for samples and solid
lines for average values.

more stable and reliable performance for communication
systems.

V. Conclusion

An HMR has been proposed to combine quasi-EBG and ra-
diation mode to control the radiation patterns of monopoles
off-center situated on a finite-sized ground plane. Analysis
has concluded that the asymmetrical currents induced by
both the excitation and the radiated field of the monopole
contribute to the distortion of radiation patterns. The study
has also shown that the symmetric HMR has performed as a
quasi-EBG to localize the surface currents in a desired sym-
metric boundary and an antenna to radiate with an elevated
pattern resulting in less coupling with the ground plane.
Two designs have verified the design method. The simula-
tion and measurement show that the designed off-center
HMAs above a ground plane have achieved uniform cover-
age with lower than 2 dB and 3 dB UnR of the single- and
four-antenna element patterns in 6, = 65° plane. Mean-
while, near the direction of the radiation nulls, the SNR
is improved by 6 dB. The proposed HMR can be applied
to control radiation patterns in much more scenarios of
industrial wireless networks with stable and reliable com-
munication.
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